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Summary  Inﬁltration  is  the  process  of  ﬂow  of  water  into  the  ground  through  the  soil  surface.
Soil water  although  contributes  a  negligible  fraction  of  total  water  present  on  earth  surface,  but
is of  utmost  importance  for  plant  life.  Estimation  of  inﬁltration  rates  is  of  paramount  impor-
tance for  estimation  of  effective  rainfall,  groundwater  recharge,  and  designing  of  irrigation
systems. Numerous  inﬁltration  models  are  in  use  for  estimation  of  inﬁltration  rates.  The  con-
ventional graphical  approach  for  estimation  of  inﬁltration  parameters  often  fails  to  estimate
the inﬁltration  parameters  precisely.  The  generalised  reduced  gradient  (GRG)  solver  is  reported
to be  a  powerful  tool  for  estimating  parameters  of  nonlinear  equations  and  it  has,  therefore,
been implemented  to  estimate  the  inﬁltration  parameters  in  the  present  paper.  Field  data  of
inﬁltration  rate  available  in  literature  for  sandy  loam  soils  of  Umuahia,  Nigeria  were  used  to
evaluate the  performance  of  GRG  solver.  A  comparative  study  of  graphical  method  and  GRG
solver shows  that  the  performance  of  GRG  solver  is  better  than  that  of  conventional  graphical
method for  estimation  of  inﬁltration  rates.  Further,  the  performance  of  Kostiakov  model  has
been found  to  be  better  than  the  Horton  and  Philip’s  model  in  most  of  the  cases  based  on  both
the approaches  of  parameter  estimation.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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n  water  resource  engineering  as  it  is  required  for  esti-
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icenses/by-nc-nd/4.0/).esigning  of  irrigation  systems.  Inﬁltration  rates  are  input
or  deduction  of  abstractions  in  hydrograph  analysis  which
n  turn,  is  utilized  in  design  of  hydraulic  structures,  design
f  urban  drainage  system,  estimation  of  design  ﬂood,  devel-
pment  of  ﬂood  forecasting  and  ﬂood  warning  systems.
ide  applications  of  inﬁltration  theory  have,  therefore,
ed  to  development  of  several  inﬁltration  models  by  the
esearchers  and  scientists  which  include  Green-Ampt  model
1911),  Kostiakov  (1932),  Horton  (1938),  Overton  (1961),
odiﬁed  Kostiakov  (1972),  Smith  and  Parlange  model  (1978)
nd  Singh  and  Yu  (1990)  (Mishra  et  al.  (2003)).  The  suitability
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iApplication  of  spreadsheet  to  estimate  inﬁltration  paramete
of  inﬁltration  model  for  particular  site  is  subject  to  soil  type
and  ﬁeld  conditions.  Over  the  years  several  comparative
analysis  of  various  inﬁltration  models  has  been  conducted
to  assess  the  suitability  of  different  models  for  different  soil
types  under  varying  ﬁeld  conditions  such  as  the  comparative
analysis  by  Skaggs  et  al.  (1969),  Whisler  and  Bower  (1970),
Gifford  (1976),  Innes  (1980),  Mishra  et  al.  (2003)  (Zolfaghari
et  al.  (2012)).  Mishra  et  al.  (2003)  carried  out  a  compre-
hensive  comparative  analysis  of  fourteen  inﬁltration  models
on  the  basis  of  Nash-Sutcliffe  efﬁciency  for  laboratory  and
ﬁeld  inﬁltration  data  from  India  and  USA  for  soils  ranging
from  coarse  sand  to  clay  reporting  Singh-Yu  model  as  the
best  ﬁt  model.
Deep  and  Das  (2008)  compared  several  optimisation
techniques  for  estimation  of  inﬁltration  parameters  and
reported  HBGA  (hybrid  genetic  algorithm)  as  most  efﬁ-
cient  among  them.  Haghiabi  et  al.  (2011)  transformed
Kostiakov  inﬁltration  equations  into  dimensionless  form
to  estimate  inﬁltration  parameters  more  accurately.  Chen
et  al.  (2015)  through  comparative  analysis  with  Richard’s
equation  demonstrated  the  existence  of  optimal  parameters
of  Green-Ampt  model,  but  these  parameters  were  found  to
be  effected  by  rainfall  duration.
Prediction models for inﬁltration rates
A  brief  description  of  inﬁltration  models  used  in  this  study
is  as  follows.
Kostiakov  model:  Kostiakov  (1932)  proposed  an  equation
to  calculate  cumulative  inﬁltration
F  =  atb (1)
where  F  =  cumulative  inﬁltration  capacity,  a  and  b  are
constants  with  a  >  0  and  0  <  b  <  1.  The  parameters  in  the  Kos-
tiakov  model  are  determined  from  log  (F)  versus  log  (t)  plot.
Best  ﬁt  straight  line  is  drawn  through  the  plotted  points.  The
slope  of  the  plot  is  b  and  the  ordinate  axis  intercept  will
represent  log  (a).
Horton  model:  Horton  (1938)  observed  that  the  time
reduction  in  inﬁltration  capacity  is  directly  proportional  to
inﬁltration  rate  and  hence,  proposed  the  following  equation
f  =  fc +  (f0 −  fc)e−kt (2)
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Table  1  A  comparison  of  parameters  and  performance  of  optimis
Model  Location  Parameters  
1  2  
Kostiakov  model
(a,  b)
Site  1 OM  GM  OM  G
14.4 1.9  0.36  0.
Site 3  7.0  1.2  0.26  0.
Site 7  26.8  4.4  0.34  0.
Horton model
(f0,  k)
Site  1  35.2  16.0  4.79  1.
Site 3  16.2  7.3  5.1  1.
Site 7  63.0  32.4  4.54  1.
Philip model
(s,  K)
Site  1  12.9  11.2  0.00  0.
Site 3 5.34  4.18  0.00  0.
Site 7  23.2  18.6  0.00  0.
OM, optimisation method; GM, graphical method; RMSE, root mean squa703
here  f  =  inﬁltration  capacity  at  time  t from  the  start.
0 =  initial  inﬁltration  capacity  at  time  t  =  0;  fc = ﬁnal  inﬁl-
ration  capacity  occurring  at  t  =  tc;  K  =  Horton’s  decay
oefﬁcient.
The  parameters  in  the  Horton  model  are  determined
y  plotting  ln  (f0 −  fc)  against  time  to  get  the  best  ﬁt
traight  line  through  the  plotted  points.  The  intercept  on
he  ordinate  axis  represents  ln  (f0 −  fc).  The  slope  of  the
lot  represents  Horton  decay  coefﬁcient.
Philip  model:  Philip  (1957)  proposed  an  inﬁnite  series
olution  of  the  Richard’s  equation  to  drive  a  relationship
etween  cumulative  inﬁltration  and  soil  properties  repre-
ented  as
 =  st0.5 +  Kt  (3)
ifferentiating  above  equation  inﬁltration  capacity  may  be
xpressed  as
 = 1
2
st−0.5 +  K (4)
here  f  = inﬁltration  capacity  at  any  time  t  from  the
tart;  s  =  soil  suction  potential  function  known  as  sorptivity;
 =  Darcy’s  hydraulic  conductivity.  Inﬁltration  rate  is  plotted
gainst  reciprocal  square  root  time  on  arithmetic  graph.  The
lope  of  the  best  ﬁt  straight  line  through  the  plotted  points
epresent  the  value  of  K  and  the  intercept  gives  the  value
f  s/2.
RG optimisation method
eneralised  reduced  gradient  (GRG)  is  an  optimisation  tool
mbedded  inside  Microsoft  excel  as  GRG  solver.  It  is  capa-
le  of  optimising  difﬁcult  and  highly  nonlinear  programming
roblems.  It  uses  two  techniques  for  determination  of  opti-
ised  values.  The  default  choice  is  quasi-Newton  method
nd  the  second  choice  is  the  conjugate  gradient  method.
epending  on  the  available  storage  GRG  solver  automat-
cally  switches  between  the  quasi-Newton  or  conjugate
radient  method.  The  inﬁltration  equations  were  modelled
n  spread  sheet  to  estimate  their  parameters  from  GRG
olver.  Optimised  values  of  inﬁltration  parameters  were  esti-
ated  by  minimising  sum  of  square  of  error.
ation  and  graphical  method.
Performance  indices
RMSE  R  N  E
M  OM  GM  OM  GM  OM  GM
46  0.70  1.28  0.99  0.99  0.99  0.95
38  0.35  0.59  0.99  0.99  0.98  0.95
41  0.79  1.82  1.0  0.99  0.99  0.97
65  1.31  3.37  0.98  0.88  0.95  0.68
9  0.71  1.51  0.97  0.89  0.93  0.70
96  2.11  5.44  0.99  0.92  0.96  0.76
09  1.42  1.93  0.98  0.98  0.94  0.89
00  0.93  1.32  0.98  0.98  0.88  0.77
14  2.81  4.56  0.99  0.99  0.94  0.83
re error; R, correlation coefﬁcient; NE, Nash-Sutcliffe efﬁciency.
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nalysis, results and discussion
ield  data  of  Sandy  loam  soils  of  Ikwuano-Umuahia  located
n  south-eastern  Nigeria  mainly  occupied  by  farmers  (Uloma
t  al.,  2014)  was  used  to  assess  the  performance  of  predic-
ion  models  using  conventional  graphical  method  and  GRG
olver.  The  parameters  of  inﬁltration  models  for  all  the
even  sites  were  estimated  using  the  graphical  as  well  as
RG  solver  as  discussed  earlier  and  typical  of  which  are
hown  in  Table  1.  The  correlation  coefﬁcient,  Root  mean
quare  error  and  Nash-Sutcliffe  efﬁciency  were  also  com-
uted.  These  performance  parameters  are  also  provided  in
able  1.  There  was  an  average  reduction  in  RMSE  of  about
5%  for  Kostiakov  and  Horton  model  while  around  22%  for
hilip  model  with  GRG  solver  as  compared  to  the  graphical
ethod.  It  shows  that  the  GRG  solver  results  in  a  signiﬁcant
mprovement  in  the  estimation  of  inﬁltration  rate.  Further,
able  1  also  indicate  that  the  Kostiakov  model  performs  best
mong  the  inﬁltration  models  under  consideration  for  the
resent  study.
A qualitative  performance  assessment  of  the  parame-
er  estimation  methods  has  been  carried  out  graphically.
ig.  1  shows  such  typical  graphs.  These  ﬁgures  indicate  that
erformance  of  GRG  solver  is  better  than  of  the  graphical
ethod.onclusion
arameters  of  inﬁltration  models  were  estimated  using
onventional  graphical  method  as  well  as  non-linear
Zion  (OM)  and  graphical  methods  (GM)  for  sites  5  and  7.
ptimisation  method  using  GRG  solver  built  in  Microsoft
xcel.  Performance  of  these  parameter  estimation  meth-
ds  was  assessed  using  ﬁeld  data  available  in  literature  with
ommonly  known  models  of  inﬁltration  rate  estimation.  A
omparative  study  indicates  that  the  performance  of  GRG
olver  is  better  than  that  of  conventional  graphical  method.
t  was  further  observed  that  the  performance  of  Kostiakov
nﬁltration  rate  predictor  was  the  best  among  that  of  three
nﬁltration  rate  predictors  under  consideration  for  the  given
rea.
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